Phyllobacterium zundukense sp. nov., a novel species of rhizobia isolated from root nodules of the legume species Oxytropis triphylla (Pall.) Pers. 
analysis (average nucleotide identity, ANI). The presence of symbiotic genes in these isolates was also studied.
The genus Phyllobacterium (family Phyllobacteriaceae, order Rhizobiales) was first described by Kno€sel in 1962 [3] for bacteria developing within leaf nodules of tropical ornamental plants. Its description has since been emended twice [4, 5] . At present it comprises 11 recognized species. Seven of them were isolated from root nodules of legumes: P. trifolii from Trifolium and Lupinus [6] ; P. leguminum from Argyrolobium and Astragalus [4] ; P. ifriqiyense from Astragalus and Lathyrus [4] ; P. endophyticum from Phaseolus [7] ; P. sophorae from Sophora [8] ; and P. loti and P. salinisoli from Lotus [9, 10] . At least in the strains of two species (P. sophorae and P. trifolii), which can form effective symbiosis with host plants, the nodulation genes nodACD and the nifH gene encoding the nitrogenase Fe protein were detected [6, 8, 11] . Four species were isolated from other sources: P. catacumbae from tuff of Roman catacombs [12] , P. brassicacearum and P. bourgognense from rhizoplane of Brassica [4] and P. myrsinacearum from leaf nodules of Ardisia [5] . Thus, the representatives of the genus Phyllobacterium have been found as both free-living and plantassociated bacteria, suggesting their high adaptive ability within the environment.
Strains Tri-36, Tri-38, T and Tri-53 were isolated from different O. triphylla plants belonging to the same population growing on Zunduk Cape (Irkutsk Province) by using standard methods [13] . Nodules were surface sterilized in 96 % ethanol for 1 min, rinsed, individually crushed in 100 µl of sterile water and uniformly grown at 28 C on yeast extract mannitol agar (YMA) [14] supplemented with 0.5 % succinate (YMSA) [15] . The isolates formed visible colonies after 2 days of incubation. Colonies were pearlwhite, mucous, round, with entire margins and 1-2 mm in diameter. All isolates are deposited in the Russian Collection of Agricultural Microorganisms (RCAM) and stored at À80 C in the automated Tube Store (Liconic Instruments) [16] . Information about these strains is available in the online database of the RCAM (www.arriam.spb.ru). Cell morphology and motility of overnight YMS broth cultures were observed using a Axiostar plus binocular microscope (Zeiss). Cells were rod-shaped, approximately 0.5-0.9Â0.9-3.5 µm in size and motile.
The PCR primers fD1 (5¢-AGAGTTTGATCCTGGCT-CAG-3¢) and rD1 (5¢-CTTAAGGAGGTGATCCAGCC-3¢) [17] were used for phylogenetic analysis of a segment of the 16S rRNA gene of approximately 1400 bp length. PCR was performed in 25-µl reaction mixtures containing 150 µM dNTPs (Promega), 5 pmol of each primer, 1 U of Taq polymerase (Helicon) and 50-100 ng of purified template DNA. PCR conditions for 16S rRNA gene amplification were as follows: initial denaturation at 95 C for 3 min 30 s; 35 cycles of denaturation at 94 C for 1 min 10 s, annealing at 56 C for 40 s and extension at 72 C for 2 min 10 s; and a final extension at 72 C for 6 min 10 s. Electrophoresis was carried out with 1 % agarose gel (Invitrogen) in Tris Acetate-EDTA buffer (TAE). A 100 bp GeneRuler and Lambda DNA/HindIII markers (Fermentas) were used for sizing and approximate quantification of DNA fragments. Purification of the PCR products was performed by using the PureLink Quick kit (Invitrogen) according to the manufacturer's guidance. Direct sequencing of PCR products was performed using an ABI PRISM 3500xl genetic analyser (Applied Biosystems) at the Core Centrum 'Genomic Technologies, Proteomics and Cell Biology', ARRIAM. The sequences were compared with related sequences of the type strains available in the GenBank database using BLAST analysis (Basic Local Alignment Search Tool) at NCBI (www. ncbi.nlm.nih.gov). Phylogenetic trees were reconstructed using the neighbour-joining method with the MEGA 5.0 software package [18] . Evolutionary distances were computed by the maximum composite likelihood method. Bootstrap analysis with 1000 replicates was performed to estimate the support of clusters. 16S rRNA gene sequencing showed ( Fig. 1 ) that the four isolates from O. triphylla formed a single cluster with 87 % bootstrap support and were phylogenetically closest to the type strains P. sophorae LMG 27899 T , P. brassicacearum LMG 22836 T , P. endophyticum LMG 26470
T and P. bourgognense LMG 22837 T . Similarity levels between the isolates and the most closely related strain P. endophyticum LMG 26470
T were 98.8-99.5 % ( Table 1) .
The primers and PCR conditions for amplification of the partial ITS region, as well as atpD, glnII and recA housekeeping genes are presented in Table S1 (available in the online version of this article). Sequencing of these loci was performed as described for the 16S rRNA gene. The atpD gene sequences of related Phyllobacterium type strains available in the GenBank database were used. Other studied loci of the closest reference strains P. sophorae LMG 27899 T , P. brassicacearum LMG 22836 T , P. endophyticum LMG 26470 T and P. bourgognense LMG 22837 T were sequenced in this work because of their absence in the database. The sequence similarities between all isolates under investigation and the reference type strains are presented in C. Fatty acid methyl esters were extracted according to the MIDI protocol (www.microbialid.com/PDF/TechNote_101.pdf). The profiles were generated using an Agilent Technologies 6890N gas chromatograph, identified and clustered using the Microbial Identification System software and MIDI TSBA database version 5.0. Fatty acid profiles are listed in Table 2 . The novel isolates contained 18 : 1!7c as the most abundant fatty acid (18.6-46.4 %), which was the same for all the reference strains. The novel strains had significant amounts of 11 methyl 18 : 1!7c (1.6-8.2 %), 12 : 00 (9.7-14.9 %), 16 : 0 (6.8-9. Large-scale study of the phenotypic properties of the strains isolated from O. triphylla was performed. Comparative analysis between these isolates and the closest reference strains P. sophorae LMG 27899 T , P. brassicacearum LMG 22836
T and P. endophyticum LMG 26470 T was performed under identical conditions. Urease, catalase and b-galactosidase activities of the strains as well as their nitrate reduction ability were studied using ready-to-use kits (NICF Company) according to the manufacturer's instructions. Most phenotypic properties were studied 
using the GENIII MicroPlate microassay system (Biolog) which analyses the ability of bacteria to metabolize major classes of biochemicals (71 carbon source) and the resistance to 23 chemicals. The analysis was performed according to the manufacturer's recommendations except for a longer period of incubation, because of the slow growth of the isolates (5 days at 28 C). Each test was performed in duplicate. Phenotypic properties of the isolates compared with the reference Phyllobacterium strains are given in Table 3 Only two isolates grew at 1 % (w/v) NaCl. Unlike all the reference strains, the novel isolates grew in the presence of Tween 40, did not grow at pH 6 and were not able to utilize L-galactonic acid lactone, bromosuccinic acid or Lalanine.
The genome of the type strain Tri-48 T (=LMG 30371 T ) was sequenced with a PacBio RS II platform at the Arizona Genomics Institute, University of Arizona, and assembled de novo with RS_HGAP Assembly.3. Genomes of the isolate Tri-38 (=LMG 30370) as well as the type strains P. sophorae LMG 27899
T , P. brassicacearum LMG 22836 T and P. endophyticum LMG 26470
T were sequenced at the SB RAS Genomics Core Facility (ICBFM SB RAS). Genomic DNA was fragmented by using a Covaris S2 focused ultrasonicator. Fragment DNA libraries were prepared with the NEBNext DNA Library Kit (NEB), and their quality was estimated with a High Sensitivity DNA Kit on a Bioanalyzer 2100 (Agilent). DNA amounts were estimated with a dsDNA High Sensitivity Kit on Qubit 1.0 (Invitrogen). Genomes were sequenced on a MiSeq genomic sequencer (Illumina) using a standard protocol with MiSeq Reagent Kit for 600 cycles (Illumina) and assembled de novo using the SPAdes 3.11.1 software [19] . Assembly qualities were evaluated with QUAST 4.6.0 [20] . The ANI of genomes was estimated with the ANI Calculator tool [21] . Annotation of genomes was done via the NCBI prokaryotic genome annotation pipeline (PGAP) [22] by NCBI staff during deposition of genomes into the NCBI database. Symbiotic genes as well as genes determining enzymatic activities were searched with CLC Genomics Workbench 7.5.1. Contigs were aligned with BLAST against related genes from reference rhizobial strains, extracted from GenBank or obtained in this study.
The genome size of the isolate Tri-48 T was 6 208 009 bp, comprising a chromosome of 3.95 Mbp and five plasmids ranging from 640 to 211 kbp. The DNA G+C content was 57.22 mol% and 5977 protein-coding sequences were found. The whole genome sequences of the isolates Tri-38 and Tri-48 T were very similar (99.99 % ANI) while ANI values between the genomes of these isolates and the reference type strains ranged from 79.23 % for P. endophyticum LMG 26470 T to 85.74 % for P. sophorae LMG 27899 T (Table 4 ). It Resistance to: should be noted that the most recent proposals recommend ANI values of less than 95-96 % for species separation, which corresponds to the traditional 70 % threshold used for DNA-DNA hybridization tests [23] .
The common nodABC genes required for legume nodulation are absent from strains Tri-38 and Tri-48 T , but some other symbiotic genes having chromosomal localization were detected: nodG, nodM, nodN, nodPQ, nodVW, fixN and fixO in strain Tri-48 T ; and nodG, nodN and nodPQ in strain Tri-38. Levels of similarity between the symbiotic genes found and homologous sequences present in the GenBank database were less than 83 %. A search was conducted also for genes that determine some of the enzymatic activities detected in the strains studied. Results of the comparative identification of phenotypic characteristics based on genomic analysis and biochemical tests (genotype-to-phenotype analysis) are given in Table 5 . It can be seen that genome sequence analysis confirmed the presence (or absence) of genes required for the manifestation of several differentiating properties. For example, lack of nitrate reduction activity in strains Tri-38 and Tri-48 T may be due to the absence of the genes narG and napE. It seems that the gene ureJ is essential for urea hydrolysis, while the maltosepositive regulator MalR and arginine transporters ArtMQ are necessary for utilization of maltose and L-arginine, respectively (Table 5) . It is also possible that the negative tests for some strains having related genes may be due to, for example, stop codons, gene mutations and the presence of gene repressors [24] .
Thus, the analyses of 16S rRNA, ITS, atpD, glnII and recA gene sequences indicate that strains Tri-36, Tri-38, Tri-48 T and Tri-53 isolated from root nodules of the relict legume O. triphylla growing in the Baikal Lake region form a single group in the genus Phyllobacterium, clearly distinct from the most closely related species P. sophorae, P. brassicacearum and P. endophyticum. Differences between the novel isolates and the reference type strains in morphological and physiological features and whole-cell fatty acid composition, as well as the results of ANI calculation, confirm that the novel isolates represent a separate species for which the name Phyllobacterium zundukense sp. nov. is proposed.
DESCRIPTION OF PHYLLOBACTERIUM ZUNDUKENSE SP. NOV.
Phyllobacterium zundukense [zun.du.ken¢se. N.L. neut. adj. zundukense pertaining to Zunduk Cape (the Baikal Lake region, Russian Federation), where the type strain was isolated]. Table 5 . Comparative identification of phenotypic characteristics of the strains investigated in this study based on genomic analysis and biochemical tests -, Negative reaction/absence of genes; +, positive reaction/presence of genes; ±, uncertain reaction/gene sequence similarity is less than 70 % compared with strains with a positive reaction.
Phenotypic property
Associated genes Strain The type strain, Tri-48 T (=LMG 30371 T =RCAM 03910 T ), was isolated from the root nodule of Oxytropis triphylla (Pall.) Pers. originating from Zunduk Cape (the Baikal Lake region). The DNA G+C content of the type strain is 57.22 mol%.
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